Properties of water molecules at the interface between contrast agents (CAs) for magnetic resonance imaging and macromolecules could have a valuable impact on the effectiveness of metal chelates. Recent studies, indeed, demonstrated that polymer architectures could influence CAs' relaxivity by modifying the correlation times of the metal chelate. However, an understanding of the physico-chemical properties of polymer/CA systems is necessary to improve the efficiency of clinically used CAs, still exhibiting low relaxivity. In this context, we investigate the impact of hyaluronic acid (HA) hydrogels on the relaxometric properties of Gd-DTPA, a clinically used CA, to understand better the determining role of the water, which is crucial for both the relaxation enhancement and the polymer conformation. To this aim, water self-diffusion coefficients, thermodynamic interactions and relaxometric properties of HA/Gd-DTPA solutions are studied through time-domain NMR relaxometry and isothermal titration calorimetry. We observed that the presence of Gd-DTPA could alter the polymer conformation and the behaviour of water molecules at the HA/Gd-DTPA interface, thus modulating the relaxivity of the system. In conclusion, the tunability of hydrogel structures could be exploited to improve magnetic properties of metal chelates, inspiring the development of new CAs as well as metallopolymer complexes with applications as sensors and memory devices.
Introduction
Investigation of water molecules at the interface between relevant clinical contrast agents (CAs) for magnetic resonance imaging (MRI) and macromolecules can be of great interest to increase the performances of metal chelates. Indeed, most of the clinically used CAs are characterized by poor effectiveness in the high magnetic fields region (3 T and above), which is clinically favoured because of its higher signal-to-noise ratio and high-resolution imaging. MRI CAs also lack tissue specificity and can cause severe allergic effects, serious nephrotoxicity [1] [2] [3] and intracranial deposition of metal ion after repeated intravenous administration [4] .
MRI performances of the CAs are well described by the 'relaxivity', defined as the rate of change in longitudinal or transverse relaxation times of the water protons per millimolar concentration of metal ions and determining the enhancement of the image contrast [5] .
Despite their wide use, currently available CAs exhibit low relaxivity, which is far below its theoretical maximum required to obtain an accurate diagnosis at safe administration dosage [6] . In these perspectives, the possibility to have a CA that could work at low concentration but without giving over its signal intensity and, therefore, positive contrast effect is of great interest.
The extensive research on nano-engineered systems and polymer-based nanocomposites [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] has led to significant advances also in the field of MRI [13, [18] [19] [20] [21] [22] . In particular, some recent studies have shown that nanoconstructs can improve CAs' relaxivity and many efforts have been devoted to the development of polymer-based carriers for MRI CAs with particular reference to Gadolinium (Gd) chelates, which are the most commonly clinically used agents [18, [23] [24] [25] [26] [27] [28] .
In this framework, Port et al. [29] have reported that the rigidification of MRI CAs, obtained through covalent or noncovalent binding to macromolecules, could be favourable to an increase in relaxivity of the metal chelate. Later, Decuzzi et al. [5, 30] have proved that it is possible to modify, through the geometrical confinement, the magnetic properties of MRI CAs by controlling their characteristic correlation times without the chemical modification of the chelate structure. Furthermore, Courant et al. [25] have highlighted the capability of combined hydrogels to boost the relaxivity of Gd-based CAs. In detail, hydrogels [31] [32] [33] [34] show three-dimensional networks, made of hydrophilic polymer chains held together by chemical or physical cross-linking; they are glassy in the dry state but have the ability to swell in water, forming elastic gels that retain a large quantity of fluid in their mesh-like structures [35] . The presence of hydrophilic polymer interfaces and the control of water behaviour in hydrogels play a fundamental role in the relaxation enhancement of the Gadolinium-based CAs by influencing the characteristic correlation times defined by the Solomon-Bloembergen-Morgan theory [36] .
Despite several experimental studies addressed in this field, a comprehensive knowledge of the mechanisms involved in the relaxation enhancement due to the entrapment of CAs in polymer-based architectures is still missing. In particular, the role played by the water at the interface between polymer chains and MRI CAs has not been fully investigated and could lead to the availability of tailored models that accurately describe these novel complex systems.
In this perspective, we believe that a more in-depth knowledge about the interference between macromolecules and MRI CAs and an understanding of their physico-chemical properties is necessary to impact on the design strategies of the nanostructures and, consequently, to overcome the limitations of clinically used MRI CAs, particularly linked to the low relaxivity. To this aim, it is crucial to study the main phenomena involved in the formation of polymer matrices and how their properties can influence the relaxivity of MRI CAs.
In particular, this paper investigates the impact of hydrogel-CA systems on the relaxometric properties of metal chelates to understand clearly the role of the water, which mediates interactions and could be responsible for their behaviour in solution. Indeed, water is crucial both in the relaxation process and in the polymer conformation. On the one hand, the magnetic properties of the water protons surrounding the CA are fundamental to enhance the CA's relaxivity. On the other, the presence of water molecules can induce changes in the polymer structure through polar interactions, hydrogen bonding and osmotic pressure.
Among different biopolymers, hyaluronic acid (HA) [37] is chosen as a model polymer due to its hydrophilic nature and established biocompatibility and biodegradability. Commercially available Gd-DTPA is selected as the CA due to its widespread use in clinical practice [38] . It is worth highlighting that both the selected polymer and CA are FDA approved and clinically used products [1, 39, 40] .
The first experiments are focused on determining the water self-diffusion coefficients in polymer and CA solutions through time-domain NMR relaxometry to observe changes in water mobility in the presence of both HA and Gd-DTPA. Self-diffusion measurements have already proved especially successful for probing interfacial water structure and dynamics near various biological and polymer surfaces [41] . Intramolecular interactions, as well as entropy costs, can alter the mobility of solvent molecules within polymer matrices or in confined environments, with a slowing effect on the diffusion [42] [43] [44] . Moreover, since the relaxation efficiency is mediated by translational and rotational diffusion [41] , a variation of the water diffusion behaviour at the interface between polymer chains and MRI CAs could impact on the characteristic correlation time, in particular the diffusion correlation time t D of the complex, thereby influencing the relaxometric properties of the metal chelate.
After that, isothermal titration calorimetry (ITC) is employed to investigate thermodynamic interactions involved in the mixing of HA with Gd-DTPA. As already reported elsewhere [45] , molecular interactions are accompanied by some level of heat exchange between the interacting system and its surrounding medium, which can be evaluated at a constant temperature through the ITC technique. Therefore, to investigate interactions between HA and Gd-DTPA, titration experiments are performed using a Nano ITC Low Volume calorimeter (TA Instruments). Basic principles of ITC measurements have been widely discussed elsewhere [45] [46] [47] .
Finally, relaxometric properties of HA/Gd-DTPA solutions are investigated by means of time-domain NMR relaxometry. The characterization of these systems, obtained through the combination of commercial MRI CAs and hydrophilic biopolymers, could give an insight into the development of novel hydrogel-based CAs without modifying the chemical structure or altering the biocompatibility of the original CA.
Material and methods

Materials
HA (Bohus Biotech, Sweden) with an average molecular weight of 42 000 Da is used for the polymer matrix because of its biocompatibility, biodegradability and swelling properties. Commercially available Gd-DTPA (Sigma-Aldrich) with a molecular weight of 547.57 Da is used since it is a well-known, low-risk CA. Divinyl sulfone (DVS) (Sigma-Aldrich) with a molecular weight of 118.15 Da is used as cross-linking agent. Milli-Q water is systematically used for sample preparation and analysis.
Sample preparation
Non-cross-linked hydrogel-CA solutions are prepared by dispersing both the HA and the Gd-DTPA powders in distilled deionized water and then mixing using a magnetic stirrer. Different HA concentrations, ranging from 0.1 to 5% w/v, are used for the experimentation. For each fixed concentration of HA, Gd-DTPA concentration is varied between 0 and 0.2 mM.
Cross-linked hydrogel-CA solutions are prepared by adding DVS to the above-described solutions to cross-link the polymer network chemically. Hydrogels are prepared at different HA : DVS ratios (from 1 : 1 to 1 : 16). The biocompatibility of HA-DVS hydrogels is already confirmed in the literature [48] .
Water self-diffusion coefficient
Diffusion measurements of water molecules are carried out on a Bruker Minispec (mq 20) bench-top relaxometer operating at 20 MHz for protons (magnetic field strength: 0.47 T). A pulsed field gradient spin echo (PFG-SE) sequence [49] , with two magnetic field gradient pulses of length d and strength g, and with a delay D between the leading edges of them, is used to measure water self-diffusion coefficients. The self-diffusion coefficient, D, rsfs.royalsocietypublishing.org Interface Focus 6: 20160061 is derived by linear regression of signal attenuation ratio curve, a semi-logarithmic plot of the echo attenuation as a function of the tunable parameter of the sequence,
Isothermal titration calorimetry
ITC measurements are conducted by filling the sample cell (0.7 ml in volume) with an aqueous solution of HA at different concentrations (from 0.1 to 0.7% w/v) and the 50 ml syringe with an aqueous solution of Gd-DTPA at 1.5 mM. Measurements are performed at 258C and fixed stirring rate of 200 r.p.m. Fifty injections, each of 1 ml of Gd-DTPA, are delivered at intervals of 500 s. Data analysis and processing to provide ITC and enthalpy change, DH, profiles are carried out using the NanoAnalyze (TA instruments) and the Origin Pro 9.1 SRO software (OriginLab Corporation, USA).
Relaxometric measurement
Relaxation times are measured on a Bruker Minispec (mq 60) bench-top relaxometer operating at 60 MHz for protons (magnetic field strength: 1.41 T). The acquisitions are performed at 378C and, before each measurement, the sample is placed into the NMR probe for about 15 min for thermal equilibration. Longitudinal relaxation times, T 1 , are determined by both saturation and inversion recovery pulse sequences. The relaxation recovery curves are fitted using a multi-exponential model. The solid line represents the linear regression and relaxivity values, r 1 , are calculated from its slope. The longitudinal relaxation rate values, R 1 , defined as the inverse of the longitudinal relaxation time,
, are plotted versus each concentration of CA, measured in millimolar. Data are treated by a least-squares method using ORIGIN PRO v. 9.1 SRO software (OriginLab Corporation). Furthermore, the relaxation time distribution is obtained with the CONTIN algorithm. The relaxation spectrum is normalized with respect to the CONTIN processing parameters. Therefore, the integral of a peak corresponds to the contribution of the species exhibiting this peculiar relaxation to the relaxation time spectrum.
Results and discussion
Diffusion coefficient
In our systems, we have observed that water mobility slightly changes with increasing network density induced by crosslinking reaction (figure 1). Besides, a more significant decrease in the water diffusion is observed in the presence of increasing polymer concentration rather than increasing CA concentration (table 1) . However, the study of the diffusion coefficient as a function of the cross-linking degree requires further investigation to understand its influence on the relaxometric properties. Further details on diffusion data are reported in the electronic supplementary material, tables S1 and S2. Furthermore, results show that water mobility starts decreasing even at very low polymer concentration (0.25% w/v HA). This dynamic can be attributed to the high molecular weight and hydrophilicity of the HA, which allows the formation of several hydrogen bonds at the surface of the polymer, thereby stabilizing the polymer structure and reducing water self-diffusion.
Isothermal titration calorimetry
Here, ITC is proposed to calculate the energetic contribution and thermodynamic interactions deriving from the mixing of Gd-chelates with the polymer solution.
In our experiment, a simple dilution of Gd-DTPA in water or water in HA exhibits only small constant exothermic peaks (see the electronic supplementary material, figures S1 and S2). On the contrary, when Gd-DTPA is injected as titrant into the rsfs.royalsocietypublishing.org Interface Focus 6: 20160061 cell containing HA solution a change from exothermic to endothermic behaviour is clearly observed. This change occurs at an HA/Gd-DTPA molar ratio of 0.5 (figure 2), i.e. when the molar concentration of Gd-DTPA in solution is twice the HA molar concentration. Starting from these observations, we hypothesize that at a certain HA/Gd-DTPA ratio, the enthalpy variations obtained in the binding experiment can be related to changes in the polymer structure, which in turn can be associated with the water-mediated interaction between the Gd-chelate and the polymer. The presence of Gd-DTPA, which has a high affinity for water molecules, may interfere with the polymer solution and induce peculiar arrangements in polymer chains' conformation.
These experimental observations could be of crucial importance in the design of polymer-based MRI CAs. Therefore, we have subsequently investigated how the polymer conformation can influence the relaxometric properties of the MRI complex in the polymer solution.
Time-domain relaxometry
Through time-domain relaxometry, relationships between system formulation, polymer matrices and relaxivity enhancement are provided. Results show how the relaxivity could be varied by changing the structural parameters of the hydrogel, namely polymer concentration and cross-linking degree (DVS concentration). Figure 3a ,b displays the longitudinal relaxation rate, R 1 , and longitudinal relaxation time distribution for Gd-DTPA in distilled water and different cross-linked and non-cross-linked HA/Gd-DTPA solutions.
In detail, figure 3a demonstrates the variation of relaxation rates against the concentration of Gd-DTPA. As expected, R 1 rises linearly as Gd-DTPA concentration increases and surprisingly, the relaxivity, r 1 , appears to be tuned mostly by the variation of hydrogel structure ( polymer concentration and cross-linking degree). Therefore, we found out that it could be possible to modulate the r 1 by changing the DVS concentration and to induce corresponding changes in the relaxation rates through the hydrogel matrix. Slopes of the regression lines in figure 3a , indicating each obtained relaxivity r 1 value, are reported in table 2. Figure 3b highlights, through the relaxation time distribution, the influence of hydrogel structure on the relaxation times as already discussed in figure 3a. In particular, it displays a narrower relaxation time distribution in the presence of crosslinking, thereby indicating an enhancement of the MRI signal.
As shown in table 2, a slight increase in the relaxivity (from 1 to 6%) on the reference solution (Gd-DTPA in water) is observed for the non-cross-linked samples. Besides, for crosslinked hydrogel-CA systems, in the presence of a cross-linked network, the relaxivity increases to an even greater extent, ranging from 11% up to 25%. About this last result, it seems that the cross-linking degree is interfering more on the relaxivity of CAs than on the diffusivity of water, acting, therefore, more on the rigidification of the CAs than on the water mobility. However, this aspect is of crucial importance and will require further investigations and comparisons.
Percentages of increment in the relaxivity are calculated by dividing the difference between the relaxivity of the cross-linked and non-cross-linked polymer/CA system and the reference (Gd-DTPA in water) by that of the reference solution, as follows: 
Theoretical interpretation of the enhanced relaxivity
Starting from the Solomon-Bloembergen -Morgan (SBM) theory [36] , the physics of CAs is described by a set of physico-chemical parameters characterizing the fluctuating magnetic dipole created by the paramagnetic ion. In detail, according to the SBM model, the metal complex can be viewed as having separate coordination spheres [50] : the inner sphere (IS), which consists of water molecules directly coordinated to the metal ion, and the outer sphere (OS), which is a less-organized structure consisting of bulk water molecules diffusing in the near environment of the metal complex. In some cases, a second sphere (SS) contribution is taken into account, which is related to water molecules hydrogen bonded to the metal complex [51] . Each of the above-mentioned coordination spheres has its characteristic parameters. IS parameters include the number of labile water molecules coordinated to the metal ion (q), the residence time of the coordinated water molecule (t M ), which in turn determines the rate of the coordinated water molecule exchanging with the bulk, and the rotational correlation time (t R ), which is how quickly the contrast agent is tumbling in solution. Conversely, OS parameters include the translational diffusional time (t D ), which represents the diffusion of water molecules in the bulk near to the Gd complex. It is already known that molecular motion, size, rigidity and possible binding between Gd-chelates and other macromolecules may induce changes in relaxivity [2] . Furthermore, polymer architecture and properties can strongly affect the MRI enhancement [20, 26, 29] .
As previously reported in the SBM theory, characteristic parameters of the metal chelate can be physically or chemically tuned and are of primary importance in the design of new CAs [52] . In particular, the Gd-chelator determines the number of coordinated water molecules (q) and the water exchange rate (k ex ), which is the inverse of the residence time t M . Moreover, decreased t D and t R , which can be obtained, for instance, through the binding of the metal chelate with large macromolecules, generally yield increased relaxation rates at low magnetic fields (less than 1.5 T) [3] .
Our findings report that the presence of a polymer network can significantly affect the relaxation enhancement since it influences the hydration mechanism of the CA, i.e. the number of water molecules in either the IS, SS or OS, their diffusion behaviour and exchange rate with the water molecule coordinated to the metal ion.
Firstly, as a result of the diffusion measurements, we can observe that thanks to the high hydrophilicity of the HA promoting the hydrogen bonds formation at the surface of the polymer, water mobility starts decreasing even at very low polymer concentrations. Secondly, ITC results suggest that the presence of Gd-DTPA induces considerable thermodynamic variations in the polymer/CA mixing process that can be related to changes in polymer conformation. Finally, taking into consideration the computed relaxivity values, we can hypothesize that the hydrogel structure, which is strictly dependent on the water content and its dynamics within the polymer matrix, can significantly impact on the relaxivity of the whole polymer/CA system.
As schematically represented in figure 4 , the obtained results suggest that changes in polymer conformation, induced by varying polymer/CA molar ratio, could be furtherly exploited to improve the relaxivity of the CA.
Indeed, the altered behaviour of the water molecules at the HA/Gd-DTPA interface, exhibiting reduced mobility rsfs.royalsocietypublishing.org Interface Focus 6: 20160061
and strong interactions with the highly hydrophilic polymer surface, may have a considerable impact on the correlation times, especially t M and t D . In fact, the presence of polymer hydrophilic groups can change the access of bulk water molecules to the coordinated water molecule and, thus, alter the water exchange rate (k ex ¼ 1/t M ). Moreover, polymer chains can slightly reduce the mobility of the OS water molecules, with a consequent decreasing of t D . A simultaneous reduction of the CA's tumbling rate (t R ) can also be hypothesized since the environment provided by the presence of the polymer chains as well as of the cross-linking degree may induce a slower rotation of the metal chelate.
Conclusion
Here, a study of the interactions involved in hydrogel-based CA solutions has been presented, aiming at understanding the key role of the water as a mediating agent that acts at the interface between the polymer and the metal chelate and determines both the polymer conformation and the relaxation enhancement. The systems have been investigated by mixing cross-linked or non-cross-linked HA with Gd-DTPA at specific polymer/ CA molar ratios in aqueous solution without introducing chemical modifications of the CA. Water self-diffusion coefficients, as well as proton longitudinal relaxation curves for different HA/Gd-DTPA solutions, have been measured. A thermodynamic investigation of the mixing process between HA and Gd-DTPA in water has also been conducted.
We have observed that, in the presence of a cross-linked matrix, it is possible to modulate the water content of the system and, therefore, the hydration of the CA, by adjusting the cross-linking degree of the hydrogel structure. In these conditions, a more stable polymer network can be obtained, promoting more efficient water-polymer and water-CA interactions that boost the relaxivity to higher values. The cross-linking degree is proposed as an advanced tool to modulate the hydrogel network and its properties, enabling the tuning of the relaxometric properties.
These findings could be useful to deepen the knowledge of hydrogel-CA systems and to achieve an advanced comprehension of the fundamental mechanisms that rule the interaction between MRI CAs and hydrogel matrices, and are responsible for the relaxation enhancement. Further characterization studies and computational simulations are necessary to gain insight on the water behaviour within polymeric matrices in the presence of metal chelates and the potential impact that these structures can have on the relaxometric properties of clinically used CAs and, therefore, on the performance of MRI diagnosis. The knowledge of these complex systems could be scaled to nanoscale dimensions, inspiring the development of a new class of nanostructured MRI CAs with highly tunable relaxometric properties as well as the production of metallopolymer complexes or magnetic and conductive polymer-based materials with applications in areas such as sensors, memory devices, nanolithography and controlled release.
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